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ABSTRACT 


A  plate  and  frame  heat  exchanger  experimental  test  stand  was  developed.  Using  this 
test  stand  a  performance  analysis  was  conducted.  The  analysis  consisted  of  evaluating  the 
performance  of  the  heat  exchanger  at  varying  flow  rates  and  inlet  temperatures,  to  develop 
an  effectiveness-NTU  relationship,  under  steady  state  operation.  The  measured  heat  rates 
were  compared  to  the  heat  rates  provided  by  the  manufacturer  and  good/bad  agreement  was 
found.  Standard  operating  procedures  for  the  test  stand  were  developed  and  implemented. 
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I.  INTRODUCTION 


The  design  of  heat  transfer  equipment  is  and  has  been  an  interesting  and  important 
subject  for  some  time.  In  the  times  of  abundant  and  cheap  energy,  there  was  little  incentive 
for  industry  to  improve  the  performance  of  traditional  heat  exchangers.  With  ever  increasing 
demands  on  a  limited  energy  supply,  the  creation  of  more  efficient  and  cost  effective  heat 
exchangers  will  play  a  more  important  role  in  society.  Increased  efficiency  of  heat  transfer 
combined  with  cheaper  manufacturing  costs  are  two  major  factors  in  the  design  process  of 
heat  exchangers.  A  common  design  consists  of  a  simple  shell  and  tube  configuration.  These 
shell  and  tube  heat  exchangers  are  capable  of  handling  a  wide  range  of  temperatures  and 
pressures,  while  at  the  same  time  requiring  a  relatively  large  amount  of  space.  An  alternative 
design  to  the  shell  and  tube  heat  exchanger  that  provides  a  large  heat  transfer  area  in  a  small 
volume  is  the  flat  plate  and  frame  heat  exchanger.  As  a  general  rule,  the  cost  per  unit  surface 
area  decreases  with  compactness.  Flat  plate  and  frame  heat  exchangers  lend  themselves  to 
high  effectiveness  designs,  thus  promoting  compactness.  As  a  result,  these  heat  exchangers 
are  considered  all  around  the  world  for  many  energy  conservation  and  recovery  applications. 

Flat  plate  and  frame  heat  exchangers  are  constructed  of  thin  plates  with  relatively  low 
thermal  resistance.  The  plates  are  corrugated  and  packed  close  together  forming  small 
channels,  thus  taking  advantage  of  the  enhanced  heat  transfer  associated  with  narrow 
passages.  These  heat  exchangers  can  handle  a  wide  range  of  fluids,  from  viscous  to  non- 
Newtonian.  This  ability  to  handle  various  fluids  allows  flat  plate  heat  exchangers  the 
potential  for  a  wide  variety  of  applications.  These  heat  exchangers  are  used  in  the 
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automobile  industry  to  control  the  temperature  of  paint  and  to  cool  automated  welding 
machines.  There  are  several  other  applications  including  the  cooling  of  bleach  solutions  and 
boiler  blow  downs  in  the  pulp  and  paper  industry  and  process  heating  and  cooling  in  the  food 
industry.  In  beer  breweries,  plate  and  frame  heat  exchangers  are  used  to  cool  the  beer 
mixture  before  fermentation.  Plate  and  frame  heat  exchangers  are  also  used  in  chemical 
plants,  power  plants  and  on  maritime  shipping  vessels. 

The  need  for  a  heat  exchanger  that  will  resist  corrosion  and  erosion  by  seawater  is  of 
prime  concern  for  the  Navy.  Titanium  plate  heat  exchangers  have  been  found  to  be  highly 
resistant  to  both  conditions  even  at  elevated  velocities.  In  many  cases  the  only  required 
maintenance  necessitated  back  flushing  the  units  periodically.  With  the  push  to  decrease 
manning  on  Naval  vessels,  any  device  that  decreases  maintenance  is  advantageous.  As  a 
result,  numerous  shell  and  tube  electronic  coolers  have  been  replaced  with  Superchanger 
Navy  standard  heat  exchangers  throughout  the  fleet. 

There  are  numerous  advantages  associated  with  flat  plate  heat  exchangers.  They  are 
flexible,  compact,  have  low  fabrication  costs,  are  easy  to  clean,  afford  increased  protection 
against  erosion  and  corrosion,  provide  temperature  control  with  a  small  temperature 
difference  required  and  have  reduced  fouling.  The  disadvantages  are  potential  leakage 
through  the  gaskets,  relatively  high  pressure  drop  through  the  heat  exchanger  and  potentially 
high  pumping  costs.  Another  potential  down  fall  of  the  flat  plate  heat  exchanger  is  the 
limitation  of  temperature  and  pressure.  If  the  temperature  or  pressure  gets  too  high,  there  is 
a  possibility  of  rupturing  the  gaskets  resulting  in  leaks. 

The  purpose  of  this  project  was  to  produce  a  system  design,  component  integration, 


and  to  conduct  a  performance  analysis  of  a  Superchanger  plate  and  frame  heat  exchanger. 
As  part  of  the  performance  analysis,  the  overall  heat  transfer  coefficient  and  the  heat  rate 
were  derived  both  experimentally  and  theoretically  and  compared  with  each  other.  The  heat 
transfer  coefficient  and  other  performance  characteristics  were  then  compared  to  the 
manufactures  value. 

The  system  consists  of  a  Superchanger  UX-056-UJ  23  plate  and  frame  heat 
exchanger  manufactured  by  Tranter  inc.,  two  400  gallon  water  tanks,  a  bayonet-style  tank 
heater  from  Cleveland  Process  Corporation,  two  Omega  FP-6000  paddlewheel  flow  sensors, 
two  single  inlet  centrifugal  pumps  powered  by  Baldor  2-Hp  motors  and  various  valves  and 
piping.  Inlet  and  outlet  temperatures  for  both  the  hot  and  cold  sides  were  measured  with 
thermocouples.  Numerous  runs  were  conducted  with  various  flow  rates  for  both  hot  and  cold 
sides  to  evaluate  the  heat  exchanger  performance. 
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II.  HEAT  EXCHANGER  DESCRIPTION 


A.  GENERAL  OVERVIEW 

The  plate  and  frame  heat  exchanger  consists  of  a  series  of  flow  passages  formed  by 
corrugated  heat  transfer  plates,  a  frame,  nozzels,  headers  and  tightening  bolts.  The 
corrugated  plates  are  held  in  between  the  stationary  and  moveable  frames  and  are  compressed 
by  the  tightening  bolts  (Figure  2.1).  The  plates  are  equipped  with  elastomeric  gaskets  and 
have  port  holes  pierced  in  the  comers.  When  the  unit  is  tightened,  the  gaskets  seal  the  unit 
and,  in  conjunction  with  the  nozzels  and  port  holes,  allows  fluids  to  flow  in  alternate 
channels  (A  and  B  sides),  thus  putting  the  hot  fluid  and  the  cold  fluid  on  opposite  sides  of 
the  plate.  [Ref.  1].  The  dominating  function  of  the  headers  is  to  uniformly  distribute  the 
fluids  to  the  flow  passages. 

There  are  numerous  advantages  associated  with  plate  heat  exchangers.  They  are  easy 
to  assemble  and  disassemble,  can  be  cleaned  chemically  and  mechanically  with  minimal 
effort  and  the  heat  transfer  area  required  can  be  changed  simply  with  the  addition  or  removal 
of  plates.  The  plate  exchanger  can  be  used  for  multiple  services  at  one  time  (Figure  2-2), 
floor  space  required  is  usually  much  less  than  that  of  a  comparable  shell  and  tube  exchanger 
and  very  close  temperature  approaches  can  be  obtained.  In  the  case  of  a  leak,  since  the  unit 
is  open  and  the  gaskets  vent  to  the  atmosphere,  the  fluids  will  not  mix  and  immediate 
detection  is  afforded.  This  can  be  seen  in  Figure  2-3.  The  figure  shows  three  possible  leak 
locations  in  which  all  the  leaks  are  to  the  atmosphere.  This  is  especially  important  when  the 
mixing  of  the  fluids  could  result  in  damage  to  machinery.  Lube  oil  coolers  are  a  prime 
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Figure  2.1  Superchanger  Flow  Diagram 


Figure  2.2  IsometricFlow  Diagram 
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Figure  2.3  Potential  Leak  Points 


example  of  this  situation  where  the  combining  of  oil  and  water  is  undesirable.  Additional 
advantages  are  low  hold  up  volume,  stringent  sanitary  and  hygenic  conditions  can  be  met, 
reduced  fouling  deposits  even  at  low  Reynolds  numbers  and  when  construction  with  other 
than  carbon  steel  is  required  the  plate  exchanger  can  be  more  economical.  Probably  one  of 
the  most  important  advantages  is  the  increased  heat  transfer  coefficient  that  is  obtained.  This 
increased  heat  transfer  coefficient  leads  to  the  requirement  for  less  heat  transfer  area  and  in 
turn  leads  to  more  compact  designs.  [Ref.  2]  Since  the  plates  are  very  thin,  the  conduction 
resistance  to  heat  transfer  is  minimal,  thus  providing  an  additional  benefit. 

In  spite  of  all  the  advantages  of  the  plate  and  frame  heat  exchanger  there  are  also 
some  disadvantages.  The  plate  exchanger  is  limited  by  temperature  and  pressure. 
Temperatures  must  be  maintained  below  175  degrees  Celsius  and  pressures  above  300  psi  are 
unacceptable.  These  limitations  are  due  to  the  gasket  material  seals,  plate  deformation  and 
the  frame.  If  the  temperatures  become  too  high,  the  gasket  material  and  or  the  glue  holding 
the  gaskets  could  melt.  This  would  lead  to  leakage  in  the  heat  exchanger.  If  the  pressure  was 
allowed  to  increase  above  the  stated  limits,  the  gaskets  could  be  blown  out  of  their  retaining 
grooves  and/or  damage  to  the  plates  and  frame  could  result. 

Low  flow  rates,  very  viscous  fluids,  and  fluids  whose  viscosity  changes  radically 
during  passage  through  the  unit  should  be  avoided  due  to  the  possibility  of  maldistribution 
of  the  flow.  Another  disadvantage  is  the  relatively  high  pressure  drop  that  occurs  in  the 
exchanger.  As  a  result,  gas  to  gas  service,  air  coolers  and  condensing  duties  can  be  limited 
as  well.  [Ref.  2] 

As  mentioned  earlier,  fouling  is  lower  in  plate  heat  exchangers.  This  is  due  to  the 
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highly  turbulent  flows.  This  turbulence  sustains  small  particles  in  suspension.  The  surface 
of  each  of  the  plates  is  very  smooth,  despite  being  corrugated  which  helps  in  reducing 
fouling  deposits.  There  is  low  residence  time  for  crystal  formation  and  outstanding  fluid 
dispertion  with  virtually  no  low  velocity  or  dead  zones.  In  addition  the  use  of  alloys  that 
corrode  at  low  rates  can  be  utilized.  This  practically  eliminates  any  corrosion  products  from 
fouling  the  heat  exchanger.  [Ref.  2] 

The  corrugations  on  the  plates  form  narrow  passages  for  the  fluids  to  pass  through, 
and  the  flow  of  the  fluids  is  almost  always  countercurrent.  The  thin  fluid  interspace  coupled 
with  the  corrugated  plate  design  induces  turbulence  that  produces  extremely  high  heat 
transfer  coefficients.  [Ref.  1]  The  heat  transfer  coefficient,  a,  varies  as  a  negative  power 
of  the  flow  passage  size.  A  customary  expression  for  the  size  of  a  non-circular  flow  passage 
is  the  hydraulic  diameter,  Dh,  equaling  four  times  the  cross-sectional  area  divided  by  the 
wetted  perimeter.  Although  a  smaller  hydraulic  diameter  increases  friction,  the  benefits  of 
compactness  on  the  heat  transfer  coefficient  generally  outweigh  the  detrimental  influence  of 
small  hydraulic  diameter  on  friction.  [Ref.  3] 

In  addition  to  the  influence  of  small  hydraulic  diameter,  increases  in  heat  exchanger 
performance  can  be  obtained  by  any  modification  of  the  surface  geometry  that  results  in  a 
higher  heat  transfer  coefficient  at  a  given  flow  velocity.  One  widely  accepted  modification 
is  the  use  of  extended  surfaces  or  fins,  so  that  in  addition  to  providing  increased  heat  transfer 
surface  area,  the  interrupted  surface  prevents  the  thickening  of  the  fluid  boundary  layers.  As 
the  boundary  layer  develops,  the  heat  transfer  across  the  boundary  layer  decreases. 
Therefore,  by  reducing  the  boundary  layers,  the  heat  transfer  is  increased.  Other  methods  of 
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obtaining  increased  performance  by  change  of  flow  surface  geometry  include  the  use  of 
curved,  corrugated,  or  wavy  passages,  in  which  boundary  layer  separation  and  turbulence 
(promoters  of  heat  transfer)  are  induced  even  at  low  Reynolds  numbers.  [Ref.  9]  The  method 
of  corrugations  is  used  in  this  plate  and  frame  heat  exchanger. 

A  common  descriptor  of  compact  heat  exchangers  is  the  area  density,  which  is  the 
ratio  of  heat  transfer  surface  area  to  heat  exchanger  volume.  A  conventional  cutoff  for 
labeling  a  heat  exchanger  as  compact  is  an  area  density  value  greater  than  700  square  meters 
per  cubic  meter  (or  213  square  feet  per  cubic  feet).  This  is  not  a  staunch  rule  however,  as 
many  heat  exchangers  have  been  grouped  into  the  compact  category  with  lesser  area  densities 
[Ref.  4].  It  will  be  taken  then  that  compact  heat  exchangers  have  a  significantly  increased 
area  to  volume  ratio  compared  to  that  of  an  orthodox  shell  and  tube  unit.  The  compactness 
of  these  designs  is  derived  through  the  need  for  an  extended  heat  transfer  area  and  in  the  use 
of  plates  instead  of  tubular  heat  transfer  surfaces. 

The  corrugations  also  form  contact  points  between  adjacent  plates.  These  contact 
points  lend  rigidity  to  the  plates,  helping  them  to  withstand  higher  pressures  and  minimizing 
plate  deflections. 

B.  PLATE  DESCRIPTION 

The  plates  are  manufactured  in  standard  sizes  from  die-formed  sheet  metal  in 
virtually  any  material  that  can  be  cold  worked.  Since  no  welding  is  used,  the  weldability  of 
the  metal  is  not  a  concern.  They  are  pressed  out  of  a  thin  flat  sheet  of  metal.  The  size. 
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number  and  arrangement  of  the  plates  is  contingent  upon  the  duty  to  be  performed.  This  unit 
has  plates  with  an  area  of  0.635  square  feet  per  plate.  The  heat  exchanger  has  23  plates. 
Two  of  these  plates  are  in  a  buffer  zone,  leaving  21  useable  plates.  The  total  heat  transfer 
area  of  the  heat  exchanger  is  13.3  square  feet. 

The  fluids  enter  the  heat  exchanger  through  inlet  nozzles  and  travel  through  the  port 
holes  in  the  plates.  These  port  holes  comprise  die  header.  The  individual  fluids  pass  through 
alternating  plates  in  opposite  directions.  [Ref.  1]  Typical  plate  thicknesses  range  from  .5  to 
1mm  The  material  used  for  the  plates  is  chosen  on  the  basis  of  pressure  and  corrosion 
conditions.  For  this  plate  and  frame  heat  exchanger  the  plates  are  made  of  3 1 6  stainless  steel 
and  are  0.023622  inches  (0.6  mm)  thick. 

The  corrugations  are  in  a  herringbone  or  chevron  pattern  (Figure  2-4)  and  are  inclined 
at  an  angle  p  to  the  direction  of  flow.  The  angle  p  of  the  unit  tested  is  60  degrees.  Also 
shown  in  the  figure  is  an  alternate  washboard  plate  design.  As  the  angle  of  inclination 
changes,  so  does  the  resulting  heat  transfer  coefficient  and  the  friction  factor.  The  heat 
transfer  cofficient  increases  with  P  up  to  an  angle  of  approximately  75  degrees  from  vertical. 
The  friction  factor  increases  by  about  ten  times  with  an  angle  change  from  30  to  75  degrees. 
[Ref.  5]  These  corrugations  are  designed  to  increase  the  Nusselt  number  thus  providing 
enhanced  fluid  heat  transfer.  The  heat  transfer  enhancement  of  the  corrugations  is  due  to 
induced  turbulence  in  the  flow.  The  turbulence  eliminates  stagnant  areas  in  the  liquid  flow. 
Since  there  are  no  places  for  the  fluids  to  collect,  all  of  the  plate  is  used,  thus  increasing  the 
effective  heat  transfer  area  of  the  heat  exchanger.  An  additional  benefit  of  the  corrugations 
is  the  added  mechanical  support  to  the  plate.  When  an  adjacent  plate  with  its  chevron  pattern 
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Figure  2.4  Plate  Details 
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reversed  is  stacked  together,  multiple  contact  points  are  created.  These  multiple  contact 
points  provide  support  for  the  thin  plates  and  increase  the  heat  transfer  between  the  hot  and 
cold  sides  of  the  heat  exchanger.  [Ref.  1] 

There  is  a  groove  around  the  circumference  of  the  plate  which  accepts  the  sealing 
gasket.  Due  to  the  ribbed  nature  of  the  groove,  additional  reinforcement  is  added  to  the  plate. 
The  gaskets  are  a  single  piece  of  material,  has  a  molded  construction,  and  is  generally  bonded 
to  the  plates  with  Pliobond  30  adhesive.  The  gasket  material  is  NBR  and  is  selected  based 
on  the  comapatibility  with  operating  temperatures  and  the  fluids  being  processed. 

Fluid  passage  holes  are  pierced  at  the  comers  of  each  plate.  The  number  and  location 
of  holes  is  dependent  on  the  location  of  the  plate  in  the  heat  exchanger.  Flow  directors  are 
located  at  the  top  and  bottom  of  the  heat  transfer  surface  in  the  port  hole  areas  which  evenly 
distribute  the  fluids.  When  the  heat  exchanger  is  put  together,  the  combination  of  fluid 
passage  holes  on  the  plates  comprise  a  flow  path  for  the  fluids.  The  plates  can  be  arranged 
in  a  variety  of  ways  depending  on  the  number  of  passes  required. 
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III.  EXPERIMENTAL  APPARATUS 


A.  PADDLEWHEEL  FLOW  SENSOR 

The  flow  sensor  chosen  for  this  experimental  analysis  was  the  Omega  FP-6000 
(Figure  3-1).  The  fluid  flowing  by  the  sensor  rotates  the  paddlewheel.  As  each  blade  of  the 
paddlewheel  passes  the  magnet  in  the  transducer,  it  causes  a  change  in  the  magnetic  flux  field 
running  through  the  coil  and  core.  When  this  flux  field  changes,  an  alternating  current  (AC) 
voltage,  approximating  a  sine  wave,  is  induced.  The  frequency  of  the  output  voltage  of  the 
coil  is  directly  proportional  to  the  linear  velocity  of  the  fluid  in  the  pipe;  therefore,  it 
represents  the  amount  of  fluid  passing  the  flow  sensor  in  a  particular  increment  of  time.  A 
complete  cycle  occurs  each  time  one  of  the  paddlewheel  blades  passes  the  coil;  therefore, 
four  complete  cycles  are  generated  for  each  paddlewheel  rotation.  The  FP-6000  senses  local 
velocity  at  an  insertion  depth  of  10%  of  inside  diameter,  therefore,  the  velocity  that  it  detects 
is  approximately  95%  of  the  mean  velocity  in  the  pipe.  The  flow  sensor  is  constructed  of 
brass  and  is  completely  self  contained  with  out  any  user  serviceable  parts.  [Ref.  6] 

Installation  of  the  flow  sensor  started  with  the  calculation  of  the  “H”  dimension 
(Figure  3-2).  The  following  equation  was  used: 

H  =  5.95  -  wall  thickness  - 10%  of  inner  diameter  (3.1) 

The  “H”  dimension  was  found  to  be  5.55  inches.  Next  the  sensor  was  located  in  an 
undisturbed  section  of  pipe  at  the  twelve  o’clock  position  just  prior  to  the  entrance  to  the 
plate  heat  exchanger.  The  lower  hex  nuts  were  adjusted  to  allow  the  moving  of  the  flow 
sensor  to  the  calculated  “H”  dimension.  The  jam  nuts  were  tightened  securing  the  sensor. 


15 


Figure  3.1  Cross  Section  of  the  FP-6000 
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Figure  3.2  FP-6000  Dimensions  for  Calculating  “H”  Dimension 
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Figure  3.3  Downstream  Alignment  using  10"  Metal  Rod 
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The  sensor  was  then  inserted  in  the  saddle  fitting  with  the  alignment  hole  on  the  flange 
pointing  in  the  down  stream  direction  of  the  flow.  A  ten  inch  rod  was  provided  with  the  flow 
sensor  to  make  minor  adjustments  to  the  alignment  of  the  sensor  (Figure  3-3).  The  wire 
leads  from  the  flow  sensors  were  fitted  with  BNC  plugs.  A  digital  frequency  reader  was  used 
to  measure  the  flow  rates. 

B.  BAYONET-STYLE  TANK  HEATER 

In  order  to  achieve  a  sufficient  temperature  difference,  an  imersion  style  tank  heater 
was  used.  A  Cleveland  Process  Corporation  Bayonet-style  imersion  tank  heater  was 
selected.  The  heater  is  constructed  of  304  stainless  steel,  has  three  elements,  is  three  phase 
480  volts  ,  and  27,000  watts.  The  heater  has  an  auto  shut  off  device  incase  a  low  water 
situation  arises.  A  bracket  was  manufactured  to  hang  the  tank  heater  in  the  middle  of  the 
tank.  The  bayonet-style  tank  heater  is  51  inches  in  length.  The  hot  zone  extends  42  inches 
from  the  bottom. 

The  required  heat  rate  of  the  heater  was  determined  using  the  following  equation: 

Q  =  m  Cp  aT  (3.2) 

The  mass  of  the  water  was  calculated  by  multiplying  the  volume  of  the  tank  with  the  density 
of  water  at  room  temperature.  Room  temperature  was  taken  to  be  22  degrees  Celsius.  The 
temperature  difference  used  in  the  previous  equation  is,  the  difference  in  temperature 
between  the  water  leaving  the  tank  and  that  of  the  water  returning  to  the  tank.  A  maximum 
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temperature  difference  of  10  to  15  degrees  is  expected.  With  AT  set  at  the  upper  limit  of  15 
degrees,  the  resulting  heat  rate  Q,  is  1 13.452  MJ.  While  this  requirement  is  larger  than  the 
heater  selected,  it  is  assumed  that  over  a  relatively  short  duration,  the  temperature  will  remain 
fairly  constant  in  the  tank.  Since  the  tank  is  rather  large  and  the  heater  is  located  between 
the  returning  water  and  the  out  going  water,  this  assumption  should  be  valid.  It  is  noted  that 
the  majority  of  runs  will  be  conducted  with  the  delta  T  being  less  than  15  degrees.  In 
addition,  as  the  flow  rate  increases,  the  time  duration  of  constant  temperature  will  decrease. 

C.  SELF-PRIMING  CENTRIFUGAL  PUMP 

Two  single  inlet  centrifugal  pumps  powered  by  Baldor  2-Hp  motors  were  chosen  for 
this  experimental  performance  analysis.  The  pumps  are  self  priming  and  are  designed  for 
continuous  transfer  pumping  of  liquid  from  tanks  or  sumps.  Each  pump  has  twelve  feet  of 
suction  lift.  The  motor  operates  at  3450  RPM,  115  volts  and  60  Hz. 

A  preliminary  system  headloss  calculation  was  conducted  using  the  Darcy- Wiesbach 
equation: 

Hf  -  f  —  — —  (3.3) 

f  D  2g 

Minor  losses  were  also  accounted  for.  K  values  for  90  degree  elbows  were  taken  to  be  1.4, 
for  valves  k  equaled  0.26.  [Ref.  7]  The  pressure  drop  through  the  heat  exchanger  used  was 
6  psi  (from  manufacturer).  Measurements  of  pipe  lengths  and  number  of  elbows  and  valves 
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were  taken  from  the  preliminary  system  diagram.  The  piping  used  was  schedule  40  PVC. 
The  pipe  is  considered  smooth  and  a  friction  factor  of  0.015  was  used.  The  head  loss 
calculated  was  32.64  ft  of  water. 

In  planning  the  performance  analysis,  it  was  decided  that  a  wide  range  of  flow  rates 
would  be  desirable.  Cross  referencing  several  vendor  catalogs  provided  us  with  several 
options  to  choose  from.  The  pump  chosen,  is  capable  of  providing  115  gpm  at  35  ft  of  head. 
This  is  more  than  sufficient  for  this  experimental  performace  analysis. 

D.  SYSTEM  CONSTRUCTION 

The  experimental  apparatus  started  with  a  preliminary  piping  diagram.  From  this 
diagram  measurements  were  taken  to  calculate  the  length  of  pipe  and  the  number  of  valves 
required.  Piping,  valves  and  assorted  other  items  were  then  purchased.  The  two  water  tanks 
were  cleaned  and  positioned  in  the  laboratory.  Once  all  items  were  received  construction 
began. 

The  first  step  involved  drilling  holes  in  the  floor  to  secure  one  of  the  pumps  in  place. 
The  inlet  piping  was  then  connected.  Each  threaded  connection  was  wrapped  with  teflon 
tape,  to  protect  against  the  possibility  of  leaks.  Non-threaded  connections  were  sanded, 
primed  and  then  glued  together.  The  next  step  was  to  hook  up  the  discharge  of  the  pump  to 
the  inlet  of  the  heat  exchanger.  The  paddlewheel  flow  sensor  and  thermocouple  bead  were 
inserted  in  this  section.  A  recirculation  line  was  also  installed.  Next  a  line  was  connected 
from  the  discharge  of  the  heat  exchanger  to  the  tank.  This  completed  one  side  of  the  heat 
exchanger  setup.  The  other  side  was  identical.  The  paddlewheel  flow  sensors  were  then 
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positioned  according  to  the  operating  instructions.  Before  the  thermal  couple  beads  were 
inserted  to  the  system,  they  were  calibrated.  The  thermocouple  calibration  is  discussed  in 
Appendix  B. 
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IV.  SYSTEM  ALIGNMENT  AND  OPERATION 


A.  INTRODUCTION 

The  objective  of  this  chapter  is  to  discuss  the  basic  philosophy  and  decision  making 
process  used  in  developing  the  Standard  Operational  Procedures  for  the  plate  and  frame  heat 
exchanger  system.  The  primary  goal  in  the  development  of  the  standard  operational 
procedures  was  to  produce  a  detailed  step  by  step  procedure  which  can  be  followed  by  an 
operator  with  a  general  knowledge  of  the  overall  system.  The  major  criteria  are  both  safety 
of  the  operator  and  to  prevent  damage  to  equipment.  Two  procedures  have  been  developed 
to  help  accomplish  the  above  goals.  They  are  listed  below: 

*  Heat  Exchanger  System  Recirculation  Procedure  (HESRP) 

*  Heat  Exchanger  System  Operational  Procedure  (HESOP) 

The  above  written  procedures  are  contained  in  Appendix  A. 

B.  SYSTEM  ALIGNMENT 

As  mentioned  earlier  the  experimental  apparatus  consists  of  two  water  tanks,  two 
centrifugal  pumps,  two  paddlewheel  flow  sensors  and  a  plate  and  frame  heat  exchanger.  A 
schematic  diagram  of  the  system  is  shown  in  figure  4- 1 .  The  hot  and  cold  sides  of  the  system 
are  exactly  the  same  with  the  exception  of  valve  numbering.  HW  and  CW  will  be  used  to 
denote  the  hot  and  cold  side  valves  respectively.  For  this  reason,  only  one  side  will  be 
dicussed. 

The  flow  path  of  the  water  will  be  described  starting  at  the  water  tank.  Water  flows 
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Figure  4.1  System  Schematic  Diagram 
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through  the  pump  suction  valve  HW-1  into  the  centrifugal  pump.  From  the  pump  it  flows 
through  the  discharge  valve  HW-2.  After  this  valve  the  line  branches  in  two.  One  branch 
is  a  recirculating  line  back  to  the  tank.  This  recirculation  line  will  allow  for  increased 
mixing  of  the  fluid  in  the  tank  prior  to  each  test  run.  This  mixing  will  help  allow  the 
assumption  of  a  constant  temperature  throughout  the  tank  to  be  valid.  The  other  line 
continues  toward  the  heat  exchanger.  The  water  passes  through  the  paddlewheel  flow  sensor 
and  into  the  heat  exchanger  unit.  After  traversing  the  heat  exchanger  the  fluid  passes  through 
valve  HW-4  and  then  back  to  the  tank.  Valves  HW-4  and  CW-4  will  serve  as  throttle  valves, 
permitting  the  capability  to  increase  or  decrease  the  flow  rates  as  necessary.  Temperature 
measurements  are  taken  prior  to  entering  and  upon  exiting  of  the  heat  exchanger  as  well  as 
in  both  tanks. 

C.  OPERATING  PROCEDURES 

The  procedure  starts  with  a  safety  space  walk  through,  system  verification  and  system 
alignment.  During  the  visual  inspection  of  the  heat  exchanger  lab  space,  emphasis  is  placed 
on  removing  water  and  any  debris  from  the  area,  as  well  as,  checking  for  leaks  and  damaged 
equipment.  After  completion  of  the  safety  walk  through  the  operator  commences  with 
placing  the  system  in  recirculation  mode.  The  operation  of  the  system  is  quite  simple, 
however  the  correct  valves  must  be  open  for  the  water  to  flow  through  the  heat  exchanger. 
Damage  to  the  heat  exchanger  could  result  from  improper  operation. 

The  first  step  is  to  turn  on  the  heater.  The  water  must  be  heated  to  the  desired  starting 
temperature.  Before  allowing  any  fluid  to  flow  the  operator  must  ensure  the  plate  pack 
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length  is  correct.  The  maximum  length  is  2.9  inches  and  the  minimum  length  is  2.7  inches. 
Figure  4-2  shows  the  plate  pack  thickness  as  the  dimension  “A”.  Once  the  water  has  reached 


Figure  4.2  Plate  pack  thickness 

the  required  temperature,  the  pumps  can  be  aligned  for  operation.  The  operator  will  first 
place  the  system  into  a  recirculation  mode  in  accordance  with  procedure  (HESP)  in 
Appendix  A.  The  following  paragraph  gives  a  brief  explanation  of  this  procedure. 

Ensure  that  both  HW-1  and  CW-1  are  open.  Second,  close  valves  HW-2  and  CW-2 
and  open  valves  HW-3  and  CW-3.  Next  check  to  see  that  valves  HW-4  and  CW-4  are 
closed.  As  a  reminder  both  drain  valves  HW-5  and  CW-5  are  to  remain  closed  at  all  times 
during  the  experimental  analysis.  The  next  step  is  to  start  both  pumps.  Once  both  pumps 
have  been  started,  slowly  open  the  discharge  valves  HW-2  and  CW-2.  This  will  allow  the 
fluid  to  flow  through  out  the  sytem  in  a  recirculating  mode. 
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When  ready  to  precede  with  the  experimental  analysis,  the  operator  will  place  the 
system  in  operation  in  accordance  with  procedure  (HESOP)  Appendix  A.  Slowly  open 
valves  HW-4  and  CW-4.  Open  the  cold  side  first.  This  will  ensure  that  cooling  water  is 
flowing  through  the  heat  exchanger  prior  to  the  hot  fluid.  For  this  experimental  analysis,  the 
cold  fluid  is  room  temperature  water.  Since  the  heat  exchanger  will  be  at  room  temperature 
this  procedure  will  reduce  the  possibility  of  any  thermal  shock  or  over  heating  of  the  heat 
exchanger.  Now  that  the  system  is  in  operation,  use  valves  HW-4  and  CW-4  to  adjust  the 
flow  rate  through  the  heat  exchanger. 

It  is  important  to  monitor  the  system  for  any  possible  leaks  that  may  occur.  In  the 
case  of  a  leak,  the  operator  needs  to  identify  which  side  of  the  system  it  has  occured  on.  If 
a  leak  occurs,  slowly  shut  both  pump  discharge  valves  HW-2  and  CW-2,  then  stop  the 
pumps.  Ensure  corrective  measures  have  been  completed  before  operating  the  system  again. 
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V.  DATA  COLLECTION  AND  ANALYSIS 


A.  APPROACH 

In  conducting  the  performance  analysis  of  the  plate  and  frame  heat  exchanger,  the 
Effectiveness  -  NTU  and  Log  Mean  Temperature  difference  methods  were  utilized.  The 
major  requirement  for  these  methods  is  the  determination  of  a  heat  exchanger  overall  heat 
transfer  coefficient.  This  includes  the  computing  of  other  parameters  such  as  the  hot  and 
cold  side  convection  coefficients,  wall  conduction  resistance,  and  fouling  resistance.  The 
overall  heat  transfer  coefficient  was  found  both  from  theoretical  and  experimental  data. 
Since  low  fouling  factors  are  an  inherent  advantage  of  plate  and  frame  heat  exchangers,  the 
calculation  of  a  fouling  resistance  will  be  neglected,  however  the  negative  impact  of  fouling 
will  be  discussed. 

B.  OVERALL  HEAT  TRANSFER  COEFFICIENT 

1.  Newton’s  Law  of  Cooling 

The  total  thermal  resistance  to  heat  transfer  between  two  fluids  separated  by  a  heat 
exchanger  structure  is  termed  the  overall  heat  transfer  coefficient,  U.  The  determination  of 
U is  essential  to  any  heat  exchanger  analysis.  In  an  expression  analogous  to  Newton’s  Law 
of  Cooling,  the  heat  transfer  between  two  fluids  separated  by  one  or  more  thermal 
resistances,  R„  is: 


The  result  apparent  from  the  above  expression,  that  l/£/?r  =  UAs,  is  applicable  to 

clean,  unfinned  surfaces  only,  but  can  be  used  as  the  basis  for  determining  a  heat  exchanger’s 
overall  heat  transfer  coefficient  with  additional  factors  considered  such  as  the  effects  of  wall 
conduction  and  the  presence  of  fouling  on  both  hot  and  cold  water  sides.  As  mentioned 
earlier,  the  effects  of  fouling  will  be  neglected  in  the  calculations.  [Ref.  8] 

2.  Convection  Coefficients 

The  water  side  convection  coefficients,  ah  and  a,  ,  are  computed  in  the  following 

manner  as  recommended  in  Hewwit’s  Process  Heat  Transfer.  [Ref.  5] 

(1)  Mass  Flow  Rate.  The  mass  flow  rate  per  passage  is  found  from  the 
following  equation: 

m  -  -  (5.z) 

N  +  1 


where,  M  is  the  total  mass  flow  rate  of  the  system. 

(2)  Cross  Sectional  Area.  The  cross  sectional  area  of  each  passage  is  given 

by: 


S  =  bW 


(5.3) 


where  b  is  the  gap  between  plates  and  W  is  the  width  of  the  plate. 


30 


(3)  Water  Velocity.  The  water  velocity  across  the  plate  is  given  by: 


u 


(5.4) 


(4)  Reynolds  Number.  The  Reynolds  number,  Re,  can  be  computed  using  the 
following  relation: 


uD»P 
Re  =  - 


(5-5) 


(5)  Nusselt  Number.  The  approximation  for  the  Nusselt  Number,  Nu,  in  the 
turbulent  region  is 


Nu  =0.4  ( Pr )04  (i?e)064  (5.6) 


(6)  Convection  Coefficient.  The  convection  coefficient  can  now  be  found 
using  the  following  relation: 


kNu 


(5.7) 


where  k,  is  the  thermal  conductivity  of  the  fluid. 

(7)  Sequence  of  Computations.  Computations  of  the  convection  coefficients 
for  each  side  of  the  system’s  heat  exchanger  were  completed,  and  are  shown  as  part  of 
Appendix  D. 

3.  Fouling  Resistance 

During  normal  heat  exchanger  operation,  surfaces  are  often  subject  to  fouling  by  fluid 
impurities,  rust  or  scale  formation,  and  other  reactions  between  the  fluid  and  the  wall 
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material.  Depositions  such  as  these  can  greatly  increase  the  resistance  to  heat  transfer 
between  the  fluids.  This  effect  can  be  treated  by  introducing  an  additional  thermal  resistance, 
termed  th q  fouling  factor,  Rp  the  value  of  which  depends  on  the  operating  temperature,  fluid 
velocity,  and  length  of  service  of  the  heat  exchanger.  The  heat  exchanger  used  is  brand  new 
and  the  amount  of  fouling  expected  is  extremely  small.  Since  the  values  for  the  fouling 
factor  are  very  small  compared  to  the  convection  coefficients  and  the  thermal  resistance  of 
the  plates,  they  can  be  neglected. 

4.  Plate  Conduction 

Derivations  of  the  plate  conduction  resistance,  Rwall  by  Incropera  and  DeWitt  [Ref.7] 
produce  the  following  expression  for  heat  exchanger  plates  (modeled  as  plane  wall): 


R 


wall 


(5.8) 


where  t  is  the  plate  thickness  and  k  is  the  thermal  conductivity  of  the  plate. 

5.  Summation  of  Elements 

The  summation  of  thermal  resistances  including  effects  of  hot  and  cold  side  convec¬ 
tion,  and  plate  conduction  yields  the  following: 


U 


aH 


+  R 


wall 


(5.9) 


The  area  is  not  included  in  equation  5.9  since  the  area  is  the  same  for  both  sides  of  the  plate. 
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C.  THE  EFFECTIVENESS  -  NTU  METHOD 

1.  Applicability 

The  Effectiveness  -  NTU  method  utilizes  the  overall  heat  transfer  coefficient  to 
determine  heat  exchanger  heat  transfer  performance  characteristics.  In  the  Effectiveness  - 
NTU  approach,  with  knowledge  of  the  heat  exchanger  type,  size,  and  fluid  flow  rate,  the 
NTU,  maximum  heat  transfer  rate,  n  » and  effectiveness,  e,  the  actual  heat  transfer  rate 

can  be  determined. 

2.  Maximum  Possible  Heat  Transfer  Rate 

The  maximum  possible  heat  transfer  rate  for  a  given  heat  exchanger  is  achieved 
when,  by  definition,  the  entering  cold  fluid  temperature  reaches  the  maximum  possible 
temperature  difference,  i.e.,  that  of  the  entering  hot  fluid  temperature.  Using  capital  T  for 
the  hot  stream  and  little  t  for  the  cold  stream,  then  T1  and  T2  correspond  to  the  entrance  and 
exit  temperatures  of  the  hot  stream  respectively.  Alternately,  t3  and  t4  correspond  to  the 
entrance  and  exit  temperatures  of  the  cold 

stream  respectively.  Thus  the  entering  cold  fluid  would  rise  in  temperature  by  the  quantity 
(r4  -  r3).  The  heat  transfer  rate  can  be  found  using  the  following  relationship: 

Q  =  MCpV 4  "  *3)  (5.10) 

where  the  term  thcp  is  defined  as  the  heat  capacity  rate,  C,  and  will  be  based  on  the  mass 

flow  rate,  m ,  and  specific  heat,  c  ,  of  the  fluid.  The  maximum  heat  transfer  rate,  q  , 
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is  then: 


=  C^iT,  ~  *,) 


(5.11) 


where Cmin  is  equal  to  either  Chot  or  Ccold,  whichever  is  smaller.  [Ref.  8] 


3.  Effectiveness 

The  effectiveness,  e,  is  defined  as  the  ratio  of  the  actual  heat  transfer  rate  for  a  heat 
exchanger  to  the  maximum  possible  heat  transfer  rate. 


(5.12) 


The  effectiveness,  which  is  dimensionless,  must  be  in  the  range  0  <  €  ^  1  .[Ref.  5] 
It  is  useful  because,  if  e,  Tx ,  and  t3  are  known,  the  actual  heat  transfer  rate  may  be 

determined  from  the  expression: 

6  =  ed  =  eC.(T.  -  O  (5.13) 

^  max  mm v  1  5 ' 


4.  Number  of  T ransfer  Units 

The  number  of  transfer  units,  NTU,  as  explained  by  Incropera  and  Dewitt  [Ref.  8], 
is  a  dimensionless  parameter  that  is  widely  used  for  heat  exchanger  analysis  and  is  de¬ 
fined  as:[Ref.5] 

UA 

NTU  =  - -  (5.14) 

C  . 
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5. 


Effectiveness  -  NTU  Relations 


The  Effectiveness  -  NTU  relationship  for  the  type  of  heat  exchanger  being  ana¬ 
lyzed,  i.e.  a  single  pass  counter  flow  plate  heat  exchanger  with  both  fluids  unmixed  is: 

£  _  exp  [(1  -  C  )  NTU„J  -  1  15) 

~  «P  Id  -  Cr)  NTUmJ  -  C, 


where: 


C,  =  — 

C. 


(5.16) 


D.  THE  LOG  MEAN  TEMPERATURE  DIFFERENCE  METHOD 


The  log  mean  temperature  difference  method  makes  use  of  parameters  such  as  the 
inlet  and  outlet  temperatures  and  the  mass  flow  rate  of  the  fluids.  With  inlet  and  outlet 
temperatures  and  mass  flow  rates  known,  the  heat  rate  can  be  obtained  by  applying  overall 
energy  balances  to  the  hot  and  cold  fluids.  If  Q  is  the  total  rate  of  heat  transfer  between  the 
hot  and  cold  fluids  and  there  is  negligible  heat  transfer  between  the  exchanger  and  its 
surroundings,  as  well  as  negligible  potential  and  kinetic  energy  changes,  application  of  an 
energy  balance  gives: 


Q 


=  mh  Cph  ( Tk  ~Th  o  ) 


(5.17a) 


and 


Q 


=  mc  Cp 


(T  -T  ) 

C  V  C,  l  Ct  0  J 


(5.176) 


where  the  temperatures  appearing  in  the  expressions  refer  to  mean  fluid  temperatures  at  the 
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designated  locations.  [Ref.  8] 

Another  way  of  looking  at  the  relationship  between  the  total  heat  transfer  rate  Q  and 
the  temperature  difference,  AT,  is: 

Q  =  UAFATlm  (5.18) 


where  ATlm  is  an  appropriate  mean  temperature  difference  and  F  is  a  correction  factor  to 
account  for  the  non-counter  flow  configuration.  The  correction  factor,  F,  is  a  function  of  the 
ratio  of  mass  flow  rates,  temperature  differences  and  heat  exchanger  configuration.  The 
value  for  F  was  taken  to  be  0.96  for  this  particular  heat  exchanger.  [Ref.  5]  For  plate  heat 
exchangers  with  countercurrent  flow  and  both  fluids  unmixed,  the  form  of  ATlm  is  as 
follows: 


From  equation  5.18  the  overall  heat  transfer  coefficient  can  be  found  using  equations  5.17 
and  5.19. 
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VI.  DISCUSSION  OF  RESULTS 


A.  INTRODUCTION 

From  the  data  collected  three  important  heat  exchanger  parameters  were  calculated 
and  compared  in  this  experimental  study.  They  are  the  overall  heat  transfer  coefficient,  heat 
exchanger  effectiveness  and  the  heat  rate.  All  values  were  first  calculated  from  correlations 
recommended  by  Hewitt  in  Process  Heat  Transfer  [Ref.  5]  and  then  from  the  measured 
experimental  data.  A  detailed  discussion  of  these  parameters  follows. 

B.  OVERALL  HEAT  TRANSFER  COEFFICIENT 

With  knowledge  of  the  mass  flow  rate  and  the  inlet  temperatures  of  the  hot  and  cold 
fluids,  the  Reynolds  number,  Nusselt  number  and  finally  the  convection  coefficient  for  both 
the  hot  and  cold  sides  of  the  heat  exchanger  were  calculated  from  available  correlations.  The 
convection  coefficients  along  with  the  plate  conduction  comprise  the  overall  heat  transfer 
coefficient.  This  gives  us  the  expected  value  of  the  overall  heat  transfer  coefficient. 

The  overall  heat  transfer  coefficient  was  also  found  by  experimentation  using  the  log 
mean  temperature  difference  method.  Using  the  simple  energy  balance  of  equations  5. 17a 
and  5.17b  the  heat  rate  for  the  hot  and  cold  sides  were  computed.  With  the  known  inlet  and 
outlet  temperatures  along  with  the  heat  rate  obtained,  equation  5.18  can  be  used  to  obtain 
UA.  The  value  of  F  was  given  earlier  to  be  0.96.  The  log  mean  temperature  difference  was 
computed  using  equation  5.19. 

The  experimental  values  for  the  overall  heat  transfer  coefficient  were  approximately 
1 5  -20%  lower  than  the  expected  values.  This  can  be  attributed  to  using  an  a  correlation  for 
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the  Nusselt  equation  based  on  a  standard  plate  exchanger  and  from  the  extraction  of  the 
experimental  heat  transfer  coefficient  from  the  energy  balance.  The  Nusselt  correlation  could 
produce  a  slightly  higher  value  while  the  energy  balance  yields  a  lower  value.  The  energy 
balance  will  be  discussed  in  the  heat  rate  section. 

All  calculations  were  performed  in  a  spreadsheet  and  are  included  as  Appendix  D. 

C.  HEAT  RATE 

The  heat  rate  was  calculated  in  two  different  ways.  The  first  utilized  the  Log  Mean 
Temperature  Difference  method,  and  the  second  finds  the  heat  rate  using  the  simple  energy 
balance.  Using  the  value  of  the  overall  heat  transfer  coefficient  calculated  earlier,  and 
equation  5.18,  with  the  area  provided  by  the  manufacture  and  the  correction  factor  discussed 
earlier,  the  expected  value  of  the  heat  transfer  rate  can  be  obtained. 

The  second  method  used  to  acquire  the  heat  rate  was  the  energy  balance  equations 
of  5.17a  and  5.17b.  In  principle,  the  heat  transfer  from  one  fluid  must  equal  the  heat  transfer 
to  the  other  fluid.  The  heat  rates  for  the  cold  and  hot  fluids  were  compared  and  found  to  be 
well  within  the  estimated  uncertainty  limits.  The  uncertainty  ranged  from  a  low  of  4.62% 
to  a  high  of  28.38%.  The  high  value  of  uncertainty  is  attributed  to  cases  of  large  disparity 
between  the  flow  rates  of  the  hot  and  cold  fluid  streams.  For  the  most  part  the  values  were 
within  10%  of  each  other. 

The  experimental  heat  rate  values  were  less  than  the  expected  estimates.  A  small 
portion  of  the  difference  can  be  accounted  for  by  the  assumption  that  all  the  heat  is 
transferred  between  the  fluids.  This  assumption  is  not  entirely  true  since  some  heat  is  lost 
through  the  heat  exchanger  to  the  surroundings.  A  standard  fin  analysis  was  conducted  on 
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the  heat  exchanger  and  it  was  discovered  that  the  losses  were  on  the  order  of  100  watts.  A 
second  assumption  used  was  that  the  fluids  are  evenly  distributed  between  the  channels.  It 
was  also  assumed  that  the  heat  exchanger  was  in  steady  state  operation. 

D.  HEAT  EXCHANGER  EFFECTIVENESS 

As  seen  in  figure  6-1,  the  effectiveness-NTU  relationship  in  equation  5.15  is  used  to 
produce  the  solid  and  dotted  line  curves  for  increasing  Cr  with  the  lower  bound  having  a  Cr 
value  of  .999  and  the  upper  bound  value  of  0.  The  experimental  data  fits  within  these  bounds 
very  nicely.  The  dots  correspond  to  values  of  Cr  between  0.97  and  0.99  while  the  triangles 
correspond  to  various  Cr  values  ranging  from  0.17  to  0.80.  It  can  be  seen  from  figure  6-1 
that  the  theoretical  values  obtained  from  the  effectiveness  NTU  relation  correlate  well  to  the 
experimental  data.  Figure  6.2  shows  the  same  Effectiveness-NTU  plot  with  the  experimental 
uncertainty  superimposed  as  error  bars.  The  larger  uncertainties  are  due  to  large  disparities 
in  the  flow  rates. 
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Eff  experimental 


NTU  vs.  Effectiveness 


Figure  6.1  NTU  vs.  Effectiveness 


NTU  vs.  Effectiveness 


Figure  6.2  NTU  vs.  Effectiveness  with  error  bars 
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vn.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  system  design,  component  integration  and  performance  analysis  of  the 
Superchanger  plate  and  frame  heat  exchanger  has  been  completed.  Various  performance 
characteristics  were  calculated  from  recommended  correlations  and  measured  experimental 
data.  The  overall  heat  transfer  coefficient,  the  heat  rate  and  the  effectiveness  of  the  heat 
exchanger  were  deduced  from  experimental  data  and  compared  to  values  calculated  from 
correlations.  The  comparisons  have  been  described  earlier.  From  the  discussion  of  the 
results  it  has  been  determined  that  the  correlations  can  be  used  to  predict  the  results  of  the 
heat  exchanger  satisfactorily.  The  expected  values  will  be  slightly  higher  than  the 
experimental  measurements.  When  the  manufacture’s  data  was  compared  to  the 
experimental  data,  it  was  found  that  the  manufacturer’s  heat  rate  and  heat  transfer  coefficient 
were  also  higher  than  the  experimental  results. 

Additional  data  runs  should  be  conducted  with  ethylene  glycol  as  one  of  the  operating 
fluids.  This  would  allow  for  greater  inlet  AT’s  and  continuous  cooling  of  the  cold  tank  to 
maintain  steadier  temperatures.  With  the  ability  to  continuously  cool  the  cold  tank,  the 
length  of  each  run  would  then  be  increased.  With  longer  runs  the  insurance  of  steady  state 
can  be  met. 
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APPENDIX  A.  STANDARD  OPERATIONAL  PROCEDURES  FOR 
ALIGNMENT  AND  OPERATION  OF  THE  SUPERCHANGER 
UX-056  PLATE  AND  FRAME  HEAT  EXCHANGER 


HEAT  EXCHANGER  SYSTEM  RECIRCULATION  PROCUDURE 
(HESRP) 


PROCEDURE 

SYSTEM  ALIGNMENT  FOR  RECIRCULATION 


1 .  Conduct  visual  inspection  of  heat  exchanger  system  and  verily  the  following: 

a.  Ensure  the  deck  are  free  of  water  and  dry. 

b.  Inspect  all  piping  runs  and  asccessories  for  loose  connections,  damage,  or  leaks. 

c.  Ensure  all  valve  handles  are  installed  and  valve  labels  are  in  place. 

d.  Check  water  level  in  both  tanks.  Ensure  enough  water  is  present  to  support  heat 
exchanger  operations  and  ensure  water  level  in  hot  water  tank  is  above  water  level 
cutoff  sensor  on  tank  heater. 

2.  Ensure  the  following  valves  are  in  the  fully  open  position: 


Hot  side  pump  suction  valve 

HW-1 

Cold  side  pump  suction  valve 

CW-1 

Hot  side  recirculation  valve 

HW-3 

Cold  side  recirculation  valve 

CW-3 
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3.  Ensure  the  following  valves  are  in  the  fully  closed  position: 


a.  Hot  side  pump  discharge  valve 

HW-2 

b.  Cold  side  pump  discharge  valve 

CW-2 

c.  Hot  side  heat  exchanger  discharge  valve 

HW-4 

d.  Cold  side  heat  exchanger  discharge  valve 

CW-4 

e.  Hot  water  tank  drain  valve 

HW-5 

f.  Cold  water  tank  drain  valve 

CW-5 

NOTE:  Both  drain  valves  must  remain  shut  during  operation  of  pumps  and  heat  exchanger. 

4.  Start  the  cold  side  pump.  Once  pump  has  been  started,  slowly  open  pump  discharge 
valve  CW-2 

5.  Start  the  hot  side  pump.  Once  pump  has  been  started,  slowly  open  pump  discharge 
valve  HW-2 

6.  Monitor  system  for  possible  leaks. 
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HEAT  EXCHANGER  SYSTEM  OPERATIONAL  PROCUDURE 
(HESOP) 


PROCEDURE 


CAUTION 

Check  and  maintain  required  water  level  in  hot  side  water  tank.  Low  water  level  could 
result  in  over  heating  of  tank  heater.  Prior  to  operation  of system  monitor  temperature  of 
hot  water  tank  to  ensure  no  damage  occurs  to  tank  or  tank  heater. 

SYSTEM  ALIGNMENT  FOR  OPERATION 

1.  Align  and  place  system  in  recirculation  (HESRP) 

2.  Crack  open  cold  side  heat  exchanger  discharge  valve  CW-4. 

3.  Slowly  close  cold  side  recirculation  valve  CW-3. 

4.  Crack  open  hot  side  heat  exchanger  discharge  valve  HW-4. 

5.  Slowly  close  hot  side  recirculation  valve  HW-3. 

6.  Monitor  system  for  possible  leaks. 

7.  If  leak  occurs  on  hot  side,  stop  hot  side  pump  and  close  pump  discharge  valve  HW-2. 

8.  If  leak  occurs  on  cold  side,  complete  step  7.  Then  stop  cold  side  pump  and  close  pump 
discharge  valve  CW-2. 
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APPENDIX  B.  THERMOCOUPLE  CALIBRATION 


In  the  field  of  heat  transfer  it  is  vital  that  temperature  measurements  be  accurate.  To 
ensure  accurate  measurements  are  made,  calibration  of  temperature  reading  devices  are  needed. 
This  appendix  outlines  the  procedure  used  in  the  calibration  of  the  T-type  thermocouples  used 
in  the  experimental  analysis  of  the  Superchanger  UX-056-UJ  plate  and  frame  heat  exchanger. 

The  thermocouple  wire  was  cut  to  the  specified  length.  Beads  were  then  made  using  a 
Dynatech  Corporation  Thermocouple  Welder.  The  thermocouple  beads  were  placed  in  a  Keithly 
740  System  Scanning  Thermometer.  All  beads  were  then  immersed  in  a  Rosemount  Engineering 
Model  913A  ethyl  glycol  bath.  An  associated  Rosemont  Engineering  Model  920A  commutating 
bridge  provided  the  reference  temperature  as  measured  by  a  precision  temperature  probe.  A  four 
wire  bridge  electrical  circuit  was  used  to  keep  the  lead  resistance  as  low  as  possible. 

The  temperature  of  the  ethyl  glycol  bath  was  slowly  increased  in  small  increments  from 
roughly  15°C  to  75°  C.  This  covers  the  experimental  temperature  range  of  interest.  When  the 
temperature  of  the  bath  steadied  out  at  each  incremental  change,  the  corresponding  resistance 
from  the  commutating  bridge  and  the  reading  from  each  channel  on  the  thermometer  scanner  was 
recorded.  Table  B-l  lists  all  of  the  data  recorded.  The  channel  numbers  correspond  to  individual 
thermocouple  beads.  The  rough  temp  was  used  to  make  the  incremental  temperature  changes. 

The  calibration  of  the  T-type  thermocouples  yielded  results  within  0. 1°  C  of  the  reference 
temperature  up  to  a  temperature  of  50°  C.  Above  that  the  readings  were  within  0.3  C  of  the 
reference  temperature. 


49 


OS 


; '  I 


\m\ 


r^-^tTj-otocooo^-oo 

OCN|COO)N(MW(NjCqST- 

cb^cdcMCMod^^pr^;^ 

CM  CO  «  ^  Tf  ^IU)  Mfl  U)  (O  N 


x-  CM 

in  cm  co 
o  cm  m 

T-  ^  CO 
CM  CM  CM 


CO  00  CD  in  CD 

^  cm  in  o  cd 

IOt-COOt- 
O)  CM  N  CO  O) 

N  co  od  oi  oi 

CM  CM  CM  CM  CM 


in  in  N  O  (D 

to  to  o>  m  co 

N  O  O)  CO 

p  p  CO  co  O 

t —  t —  t —  CM  CO 

00  CO  CO  I  CO  CO 


in  oo  cm 

t —  t  CM 


co  cd  I  o  I  m  o 

cm  cm  coj  co  hr 


o  o  in  o  in 
in  m  in  cd  cd 


in 

in 

o 

00 

CD  i 

00 

M- 

<q 

! 

i  oo 

o 

CD 

00 

CO 

CD 

csi 

co 

CD 

T-* 

CD 

00 

csi 

o o 

M- 

!  Tf 

o 

1^ 

T— 

00 

CM 

CM 

CM 

00 

00 

i  ! 

* 

M- 

in 

i  m 

CD 

CO 

00 

00 

15.1 

CM 

00 

22.5 

23.5 

O 

CD 

CM 

CO 

CO 

<Ji 

CD 

00 

r— 

00 

M- 

00 

CM 

00 

00 

54.7 

54.3 

60.0 

CD 

co 

74.3 

81.6 

p 

00 

00 

r* 

CM 

p 

in 

O 

00 

o> 

00 

^r 

p 

00 

o 

p 

oo 

ID 

CO 

in 

CO 

CM 

CO 

CD 

T-* 

CD 

00 

cm 

00 

'M* 

o 

T— 

00 

•t— 

CM 

CM 

CM! 

00 

CO 

M- 

m 

in 

CO 

CD 

Is- 

00 

oo 

~ 

CM 

in 

in 

O 

oo 

!  0O 

o 

00 

CD 

P 

CD 

00 

CM 

^r 

in 

00 

cm 

cd 

cd 

1  CD 

00 

csi  i 

00 

M- 

tj* 

CD 

h- 

T— 

od 

T— 

CM 

CM  j 

CM  J 

00  1 

;  00 

M-  | 

M- 

in 

!  in 

in 

CD 

00 

oo 

o  CO  CD  x—  00  CD  CO  O  P  00  I 

CD  i  t—  cblcoicM  CO  ^  ^  d  N  ^ 

cm  j  co  co  tj-  m-  m*  in  m  cd  co  n- 


p 

in 

o 

CO 

00 

o 

00 

CO 

P 

co 

CO 

CVj 

csi 

00 

CD 

T*~ 

CD 

od 

csi 

od 

CD 

T— 

cd 

CM 

CM 

CM 

00 

oo 

m 

in 

in 

CD 

r- 

00 

00 

in 

O 

00 

CD 

00 

Tj- 

CD 

co 

o 

CD 

00 

p 

CD 

csi 

od 

CD 

T— ! 

CD 

od 

CM 

cd 

tt 

cd 

T— 

od 

CM 

CM 

CM 

; 

OO 

OO 

in 

to 

CD 

CD 

Is- 

00 

00 

in 

o  i 

oo 

Is- 

i  pi 

00 

CD 

co 

o 

CD 

1 

oo 

: 

p 

CD 

csi 

od 

CD 

T— 

CD 

oo  ! 

CM 

od 

ti* 

cd 

T— 

od 

CM 

CM 

CM 

00 

00 

^  ! 

in 

in 

CD 

co 

1^. 

00 

00 

in 

p 

! 

o 

CO 

0° 

O 

oo 

00 

p 

00 

CD 

00 

p 

in 

csi 

od 

CD 

V" 

CD 

od 

csi 

od 

Tf 

CD 

! 

od 

CM 

CM  I 

CM 

oo 

i  00 

^r 

i 

’M’ 

m 

lo 

in 

CD 

r^ 

! 

00 

oo 

T-icmc0!^u>l<D|i^00|O> 


APPENDIX  C:  UNCERTAINTY  ANALYSIS 


A.  Velocity. 

The  equation  for  velocity  is 


m 

pS 


(C.l) 


where 


2  M 

m  =  - 

N  +  1 


(C.2) 


and 


M  =  pQ 


(C.3) 


The  uncertainty  becomes 


U 


u 


2 


(C.4) 


U 


(C.  5) 


B.  Reynold’s  Number 

The  Reynold’s  number  equation  is 
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r 


Re 


u£jfi 


The  uncertainty  becomes 


U 


Re 


dRe 

du 


Re  u 


C.  Nusselt  Number 

The  Nusselt  number  equation  is 

Nu  =0.4  (TV)04  (Ref64 


The  uncertainty  becomes 


U 


Nu 


N 


dNu 

dRe 


2 


=  0-64  U, 
Nu  Re 


(C.6) 


(C.7) 


(C.8) 


(C.9) 


(C.10) 


(C.ll) 
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D.  Heat  Rate 


The  equation  for  the  heat  rate  is 


Q  =  mCp  (Thi  ~  Th) 


(C.12) 


The  uncertainty  becomes 


(C.13) 


(C.  14) 


E.  Effectiveness 

The  equation  for  the  effectiveness  is 

e  =  (C.15) 


The  uncertainty  becomes 


u,  = 


1 


\bq  Q>  ^  a«2n  ’ 


(O.l  6) 


and 
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APPENDIX  D.  EXPERIMENTAL  DATA 


This  appendix  contains  all  pertinent  data  that  was  collected  and  the  spread  sheets  that 
contain  all  the  calculated  parameters. 
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